Variance components of tree height (HT) and stem diameter at 1.3 m above the ground (DBH) were investigated for the eight open-pollinated families of Zelkova serrata (Thumb.) Makino planted with three different initial planting spacings in a progeny test site, Chiba, Japan. Parent-offspring correlations were also evaluated by using these families and their mother trees. The smallest values of HT and DBH were observed in the narrowest initial planting spacing (1.10 x 1.10 m) compared to those in medium (1.30 x 1.36 m) and wide (2.00 x 1.80 m) spacings, suggesting that adverse effects of competition with neighboring trees occurred on both height and radial growth. Similar to HT and DBH, the initial planting spacings also affected the genetic parameter estimates: the ratio of family variance component to total phenotypic variance showed the highest value in narrow initial planting spacing for both HT and DBH. Thus, family variance component might include competition effects, leading to biased genetic parameter estimates. In contrast, parent-offspring correlation coefficients showed the highest value in wide initial planting spacing where competition effect might be smaller. Therefore, the growth traits of Z. serrata might be inherited from the parent to the offspring when competition effect was small. 
Introduction
Genetic tree breeding is one of the most effective approaches for reducing rotation age and increasing the quality of wood and tree resistance to insect pests and diseases (Zobel and Jett, 1995) . Most tree breeding programs are generally conducted: (1) choosing target traits to improve, (2) selecting individuals with the desired traits, (3) testing for the genetic effects in progeny (progeny testing), and (4) producing seedlings, cuttings, or graftings from the genetically selected (superior) trees.
The keyaki tree [Zelkova serrata (Thumb.) Makino] is a commercially valuable hardwood species that is used in Japan for constructing traditional shrines and temples, furniture, and handmade wooden items (Hashizume, 1987 (Hashizume, , 1988 . A considerable amount of time is required to grow Z. serrata to a harvestable age [80 years in rapid-growth plantations and >150 years in slower-growth plantations (Hashizume, 1988) ]. Therefore, the primary objective of a breeding program for this species should be to improve its traits related to growth rate in order to shorten forest rotation age. Genetic variations and inheritances have already been examined in trees selected for rapidgrowth rate and good stem form (Endo et al., 1998; Takeuchi et al., 1999; Mori et al., 2004; Yoshino et al., 2006; Kawai et al., 2011) . These genetic studies have found moderate heritability of growth traits in Z. serrata, indicating the possibility that genetic breeding can be used to improve growth rates and stem form. However, silvicultural management practices are also essential to change the quality and quantity of trees in Z. serrata plantations. For example, Hashizume (1987) reported that narrower planting density promotes a straighter stem form and self-pruning in early stages of stand development. He also recommended that after the crown base reaches a sufficient height, radial growth should be promoted by thinning the stand. In fact, Z. serrata planted in narrower initial spacing (12000 trees/ha) plot had higher crown base heights and lower radial growth rates by year five than trees planted in wider initial spacing (3500 trees/ha) plot (Taniguchi, 2002) .
We have already demonstrated that both the spacing of plantings and the genotypes significantly contribute to variations in tree height and stem diameter (Prasetyo et al., 2015 (Prasetyo et al., , 2017 . However, competition with neighboring trees also influences the expressions of genetic traits and phenotypic values of measurable traits associated with growth (Sakai, 1968; Magunssen, 1993; Leonardecz-Neto et al., 2003; Cappa and Cantet, 2008) . Therefore, to gain insight about the effects of tree breeding in Z. serrata, it is important to evaluate the effects of initial spacing at planting on genetic parameters and inheritance from parent to progeny. This present study aimed to clarify genetic factors related to growth traits for plantationgrown Z. serrata grown at three different initial spacing intervals. Parent-offspring correlations (Falconer and Mackay, 1996) are also examined to provide additional information for breeding.
Materials and Methods

Experimental Design and Measurements
The progeny and spacing trials were located in the Kazusa experimental site at the Forestry Research Institute, Chiba Prefectural Agriculture and Forestry Research Institute, in Kisarazu, Japan (35˚34´N, 140˚03´E). This test site was established in 1993 with 13 types of Z. serrata seedlings (nine open-pollinated families, three commercial seedling stocks, and one clone). Open-pollinated seeds were collected from nine mother trees growing at a secondary forest in Kimitsu, Japan. The mother trees were selected because they showed superior growth and desirable stem form traits (Kodaira, 1989; Kodaira, 1993) . The experimental stands comprised of three different initial spacing treatments, each consisting of 1.2 ha plots of tree seedlings planted at three different intervals (Table 1) . These plots per treatments were replicated three times, which were comprised of one to three rows in family subplots. No thinning was applied in the site although 24 trees were sampled to examine wood-property variations in 2013 (Prasetyo et al., 2016) .
Detailed information of the test site and treatments are provided in Kodaira (1993) , Endo et al. (1998 ), and Prasetyo et al. (2015 , 2016 , 2017 . Of nine mother trees, eight open-pollinated families were used in the present study, because number of remained living trees was not enough for a family at sampling. Survival rate, tree height (HT), and stem diameter (DBH) at 1.3 m above the ground were measured in February and May 2013 (at age 20 years) and June 2018 (at age 25 years). HT was measured using the Vertex IV ultrasound distance measurer (Hagröf, Inc.). A diameter tape was used to measure DBH. Survival rate is defined as the number of live trees at a given point in time by the number of tree seedlings planted. Thinned trees in 2013 were not counted to calculate the survival rate in 2018.
Statistical Analysis
Statistical analyses were performed by an open-source statistical package (R Core Team, 2016) . To estimate the variance component of families, a linear mixed model was used for each year, trait, and spacing interval: y ijk = µ + b i + F j + e ijk , where y ijk is the observation value of the k th tree of the j th family grown in the i th block, µ is the grand mean of all observations, b i is a fixed effect of the i th replication plot, F j is the random effect of the j th family, and e ijk is the residual error term (Lynch and Walsh, 1998) . No interaction term was included. The model was solved using the restricted maximum likelihood method (package "lme4") (Bates et al., 2015) . We defined the ratio of the family variance component to the total variance component (family + residual variance components) as a repeatability value (Nakagawa and Schielzeth, 2010).
To calculate parent-offspring correlation coefficients, the HT and DBH of eight mother trees we measured in 1998 were treated as the values of single parents. The values of offspring used the measurements of HT and DBH of each initial spacing treatment in 2013. Although regression coefficients of parentoffspring correlation can be used to determine narrow-sense heritability (Falconer and Mackay, 1996; Lynch and Walsh, 1998) , we did not use these coefficients to describe heritability because we found that environmental conditions and tree age differed markedly between mother trees and their progenies.
Results
Survival rates declined as stands aged (Table 1 ). The survival rates of trees in the narrower initial spacing were 69.8 % at 20 years of age and 57.6 % at 25 years of age, whereas in medium initial spacing, survival rates were 82.0 % at 20 years and 63.4 % at 25 years. Almost 80 % of trees survived in the widely spaced treatments at 25 years of age. Tree planting densities in 25 year-old stands for the three initial spacing intervals were 4752 trees/ha in narrow, 3487 trees/ha in medium, and 2153 trees/ ha in wide initial spacing.
Means for family HT values gradually increased over time in all three initial spacing intervals at planting (Figure 1) . Mean values of HT at stand age 25 years were 9.9, 10.2, and 11.2 m at the narrow, medium, and wide spacing intervals, respectively. Growth curves of DBH were similar to HT: family-mean values for DBH gradually increased over time and reached 8.7, 9.7, and 11.4 cm in the narrow, medium, and wide spacing intervals, respectively, by the time the stands were 25 years old. The differences in family-mean values (for both HT and DBH) increased with stand age. This increase in HT and DBH was even more substantial in the narrowest initial spacing. In addition, trees planted at the widest spacing interval were 113 % taller and 131 % wider in diameter than trees planted at the narrowest spacing.
The variance component of family accounted below 20 % of the total phenotypic variance (Table 2) . Both family and residual variance components increased from year 20 to year 25. The parent-offspring correlation coefficients in wide spacing showed higher values than others, whereas it was not significant for all traits and spacings ( Figure 2 ).
Discussion Differences in Growth Curves for Three Spacing Treatments
Both HT and DBH values in our study were relatively smaller compared to the data previously reported for trees in Z. serrata plantations. For 28-year-old Z. serrata plantations, Yoneda (2003) recorded the means of 12.3 ± 3.8 m for HT and 13.6 ± 5.7 cm for DBH, whereas Kunizaki et al. (2007) reported 14.2 m for HT and 16.8 cm for DBH. However, the densities of trees in the narrow and medium spacing intervals were higher in our treatments than in those other two studies [density at year 28 declined from 5000 trees/ha at planting to 2732 trees/ha (Yoneda, 2003) and from 1420 trees/ha at planting to 1500 trees/ha (Kunizaki et al., 2007) ]. The narrower initial spacing appeared to inhibit both radial and height growth in Z. serrata, likely because the higher tree density meant that the trees had to compete more intensely with neighboring trees for sunlight and soil nutrient. In general, planting intervals affect the magnitude of competition with neighboring trees (Hayashi and Sakai, 1972 ) (i.e., the more dense the plantings, the more intense the competition). In addition, DBH is more susceptible to being inhibited by competition effects than is HT (Sakai, 1968) . The decline in survival rates between 20-year-old stands and 25-year-old stands suggests that the self-thinning effects occurred in all initial planting spacing treatments in our experimental site, especially in the narrowest spacing treatment. Thus, strong competition effect resulted in the unfavorable growth of HT and DBH in the stands with the narrowest initial spacing. Hashizume (1991) indicated that because growth characteristics of Z. serrata are highly influenced by both genotype and environmental Figure 1 Growth curve of tree height and stem diameter for three initial planting spacings Note: Each line indicates the family-mean value. Data in 1996 and 2001 (only wide spacing) was obtained from Endo et al. (1998) and Endo (unpublished data). conditions, such as competition with neighboring trees as well as climate and soil fertility. Therefore, planting at the optimal density is one of the most effective management practices for maximizing production as well as genetic improvements. Therefore, additional work is needed to quantify the effects of planting density on productivity and thinning on growth rate and stem form traits for this species.
Variance Component Estimates
Although there are few reports estimating the genetic variation and heritability for Z. serrata, heritability of growth traits in the species were generally ranged from 0.2 to 0.4 (Endo et al., 1998; Takeuchi et al., 1999; Mori et al., 2004; Yoshino et al., 2006; Kawai et al., 2011; Prasetyo et al., 2015 Prasetyo et al., , 2016 Prasetyo et al., , 2017 . Takeuchi et al. (1999) examined the genetic variations in growth traits in 2-year-old Z. serrata families grown in three different regions of Japan (Kanto, Kansai, and Kyushu). They found that narrowsense heritability in seedling height and diameter at ground level were 0.285 and 0.278, respectively. Mori et al. (2004) also reported that narrow-sense heritability of HT and DBH were 0.38 and 0.25, respectively for six families of 5-year-old Z. serrata. In the same stand of this study, narrow-sense heritability estimates for 4-year-old Z. serrata ranged from 0.196 to 0.924 for DBH and from 0.277 to 0.667 for HT (Endo et al., 1998) . Prasetyo et al. (2015) reported that variance components for families accounted 27 and 47.3 % of HT and DBH, respectively [obtained via two-way analysis of variance (ANOVA) in the same 20-year-old stand]. Our repeatability value results were less than the heritabilities previously reported. This may be due to smaller genetic variations in growth traits among eight mother trees which originated from the same provenance. While studies on provenance variation in Z. serrata have been limited, Kawai et al. (2011) reported a provenance trial established in two different regions of Japan. They showed no provenance variations for growth traits, although family effect within provenances was significant (Kawai et al., 2011) . On the other hand, genetic parameters, including heritability, vary among populations, ages, and environments (Wu et al., 2008) . It will be critical to accumulating data on genetic variation and inheritance of target traits for further breeding programs for Z. serrata.
Many studies in tree species have reported the effects of competitions on genetic variation and phenotypic traits (Sakai, 1968; Akashi and Murai, 1973; Magnussen, 1993; Endo et al., 1999; 2001; Leonardecz-Neto et al., 2003; Cappa and Cantet, 2008) . Therefore, it is reasonable to assume that the effects of competition on genetic parameters would vary among various planting densities and initial spacings. The broad-sense heritability estimated by ANOVA is overestimated because competition-based effects would become entangled with the clonal variance component (Endo et al., 1999) . Similarly, the family variance component also contains competitive effects in an analysis for open-pollinated families of Cryptomeria japonica D. Don (Endo et al., 2001 ). These was also observed for other trees as Gallesia gorarema, Eucalyptus grandis, Eucalyptus citriodora, Pinus elliottii var. elliottii and Araucaria angustifolia (Leonardecz-Neto et al., 2003) . Because we found that the repeatability values for the narrowest initial spacing showed the highest value, it appears that the family variance component we estimated might contain a competition effect, especially for the narrowest spacing treatment. This suggests that we estimated a biased genetic parameter, and degree of bias would be influenced by intensity of competition.
In contrast to the repeatability value estimated by the variance component, parent-offspring correlation coefficients were the highest in wide initial planting spacing although it was no statistical differences in coefficients. Competition effects on growth traits were estimated to be weak in the widest spacing treatment where the offspring families were growing. In the stand where mother trees were growing, competition effects were low among all mother trees (Kodaira, 1999) . In such less competed environments, it would be easy to detect the inheritance of a trait from the parent to its progeny. Therefore, genetic improvements of growth traits would be possible by selecting superior genotypes and crossing them in a breeding program of Z. serrata because the performance of a parent passes to its progenies. However, the parent-offspring correlation coefficients were likely lower in the narrow-and medium-spaced plants due to the presence of "triangle" families in Fig. 2 . This family showed relatively lower values of both HT and DBH in narrow and medium spacing, but intermediate in wide. Thus, the performance of growth traits in this family may vary with different competitive conditions. Akashi and Murai (1973) noted that superior growth of a genotype might be because of not only its genetically superior growth traits but also its competition with the neighboring trees. They found that tolerance of clone against competition varied and is independent of the growth rate in C. japonica. Susceptibility of Z. serrata family to competition was found in the study should be taken into account when selecting the genotype for further tree breeding program of this species.
